Introduction {#s1}
============

In the USA, hepatocellular carcinoma (HCC) and liver failure due to hepatitis C are the most common indications for liver transplant (LT).[@b1] However, worldwide, hepatitis B virus (HBV) infection is the major risk factor for development of HCC, and has remained the leading indication for LT in Asian countries.[@b2] Until the 1990s, HBV infection was considered a relative contraindication to LT, due to high risk of graft infection and subsequent liver failure as a result of post-transplant immunosuppression.[@b3] Positivity for hepatitis B surface antigen (HBsAg) and presence of HBV DNA in liver biopsies after transplantation of HBV-naïve donor liver was considered to be diagnostic for recurrence of HBV infection post-LT and was associated with poor long-term outcomes of those transplants.[@b4]

Over the past two decades, with the use of hepatitis B immunoglobulin (HBIg) and oral antivirals, a significant reduction in post-transplant recurrence of HBV infection has been noted, allowing for successful LT in patients with chronic hepatitis B.[@b5] The goal of antiviral therapy is the suppression of HBV DNA and preferably achievement of sustained virologic response (SVR). HBIg can be used to neutralize viral particles by binding to HBsAg, while nucleos(t)ide analogs (NAs) can be used to inhibit viral reverse transcriptase with consequent inhibition of HBV DNA replication. Combination of HBIg and NAs can also be used. However, there are no standardized protocols for the prevention of HBV recurrence after LT.[@b5] In addition, the high cost of long-term HBIg use and resistance to certain NAs can limit their use, requiring alternate management strategies. Additionally, factors, such as presence of hepatitis B core antibody (HBcAb),[@b6] HBsAg or HBV DNA at the time of LT introduce varying degrees of risk of recurrence post-LT.

In this article, we review various regimens used for prevention of recurrence of HBV in post-LT patients.

Definition of HBV recurrence {#s2}
============================

The studies included in this article defined HBV recurrence as reappearance of HBsAg in patients on anti-HBV treatment who initially had clearance of this marker, unless specified otherwise.

Clinicopathological features of HBV recurrence post-LT {#s3}
======================================================

Lerut *et al.*[@b7] reported time to HBV recurrence after LT ranges between 15 and 2615 days (median of 145 days). In this study, 3/16 patients with recurrence developed fibrosing cholestatic hepatitis and died within a year of LT.

HBV recurrence can result in varying degrees of pathological damage, including mild self-limited hepatitis, chronic active hepatitis, fulminant hepatitis, and fibrosing cholestatic hepatitis.[@b8]

Zhang *et al.*[@b8] enrolled 184 patients who had received LT for HBV-related liver disease in a study, out of which 11 patients developed HBV recurrence. In the early stages, hepatocyte swelling, ballooning degeneration, small necrosis, periportal inflammatory cell infiltration was seen on tissue. Five patients died, while the remaining six received adefovir dipivoxil (ADV) and entecavir (ETV), resulting in improvement in histology that had manifested by a decrease in the number of liver cells showing positivity for HBsAg and hepatitis B core antigen (HBcAg), fewer nuclei with detectable HBV DNA, inconspicuous fibrous tissue proliferation, and decreased inflammation and hepatocyte swelling. Of the five patients who died, four received lamivudine (LAM) monotherapy. They developed fibrosing cholestatic hepatitis characterized by fibrous tissue development in periportal areas, bile duct hyperplasia and extensive cellular and canalicular cholestasis.

In a study including 45 patients with HBsAg-positive status who received LT and HBV treatment with HBIg or recombinant alpha interferon, Demetris *et al.*[@b9] demonstrated recurrent HBV infection in 33 patients. Out of these 33, 11 died due to multiorgan failure as a complication of HBV recurrence, 3 died due to recurrence of HCC, and 1 died due to intracerebral hemorrhage.

Studies including a larger patient population who experienced HBV recurrence post-LT are required to further investigate the clinical and pathological implications of HBV recurrence after LT.

Mechanism of HBV recurrence after LT {#s4}
====================================

Covalently closed circular DNA (cccDNA) is a template for transcription for hepatitis B viral RNA ([Fig. 1](#f01){ref-type="fig"}). When grafts from donors with history of HBV infection are used, the graft hepatocytes may contain cccDNA, accompanied by its replicative potential.[@b10] No currently approved drugs target the elimination of cccDNA, resulting in risk of HBV recurrence.

![Simplified illustration of HBV cell cycle.[@b16]\
The viral envelope proteins, such as HBsAg, bind to host cell surface receptors, resulting in endocytosis of the hepatitis B virion into the host cell.[@b1] The nucleocapsid releases relaxed circular HBV DNA (rcDNA) into the nucleus,2 which is converted into covalently closed circular double stranded DNA (cccDNA).[@b3] The cccDNA is a template for transcription of viral RNA.[@b4] The transcribed pregenomic RNA (pgRNA) undergoes reverse transcription,[@b5] forming rcDNA. At the endoplasmic reticulum, virions assemble (not shown in diagram)[@b6] and the mature virions are excreted from the host cell via budding. Occasionally (10%), double-stranded linear DNA (dslDNA) is produced,[@b7] which can be integrated into the host genome.[@b8]](JCTH-8-150-g001){#f01}

It is proposed, however, that certain genotypes of HBV may have higher risk of causing recurrence. Devarbhavi *et al.*[@b11] demonstrated such potential to be present in genotype D, with a higher mortality risk as well, when compared with genotype A.

Jiang *et al.*[@b12] analyzed the genomic DNAs of LT recipients who suffered from HBV-related liver disease and found that recipients with CTLA-4 +49 GG genotype had a lower risk of recurrence than those without the genotype (*p*=0.032). This finding suggests that the genetic variations of recipients may be associated with the risk of recurrence.

Occult HBV infection is defined as HBsAg-negative status with detectable HBV DNA in serum or liver specimen ([Fig. 2](#f02){ref-type="fig"}). Ferrari *et al.*[@b13] found 4.4% of patients with cirrhosis undergoing LT to have occult HBV infection, according to results from a nested polymerase chain reaction assay. However, this study was conducted in Brazil, where the prevalence of HBV infection is low, limiting its applicability to other parts of the world with higher HBV prevalence. Nevertheless, this study manifests the risk of HBV recurrence post-LT due to occult infection.

![Selected proposed mechanisms involved in occult HBV infection.[@b17]^,^[@b18]\
Methylation of covalently closed circular DNA (cccDNA) correlates with decreased HBV replication. Chronic HBV infection can upregulate the production of *APOBEC* genes, which is associated with hyperedited HBV genome and decreased HBV replication. MicroRNAs are small, non-coding molecules found in viruses that function in RNA silencing and post-transcriptional mechanisms which may be involved in decreasing viral replication. These mechanisms do not result in complete viral suppression and low-level replication may persist. These mechanisms may be reversible, resulting in overt infection.](JCTH-8-150-g002){#f02}

LT patients often undergo immunosuppressive therapy, which may lead to increased viral replication. *In vitro* studies have shown direct stimulation of HBV replication by immunosuppressants, especially by steroids which can act on the corticosteroid response element in the HBV DNA, resulting in increased transcription of the HBV DNA.[@b14]^,^[@b15] Immunosuppressive effect on the host innate and adaptive immune cells may also result in unopposed viral replication, followed by an aggressive immune response after the immunosuppressants are withdrawn, ultimately resulting in liver injury.[@b14]

Prevention regimens {#s5}
===================

HBIG monotherapy {#s5-1}
----------------

The proposed mechanism of action of HBIg includes binding to the viral particles and HBsAg, resulting in neutralization and thereby preventing viral attachment to the hepatocytes. Infected hepatocytes express HBsAg, which the HBIg binds to, resulting in cell-mediated cytotoxicity.[@b19] Monoclonal HBIg has been shown to decrease secretion of wild-type HBsAg but not of mutant HBsAg from infected cells, suggesting that HBIg may be internalized in hepatocytes.[@b20] With the use of HBIg, McGory *et al.*[@b21] found a significant improvement in patient survival at an average follow up period of 22.7 months, with the prevention of HBV recurrence in \>82% of patients post-transplant, regardless of the presence or absence of hepatitis B e antigen (HBeAg) or HBV DNA pre-transplant. The dose of HBIg required varied amongst the patients and was individualized. Patients who were HBeAg-positive were noted to require higher doses to maintain the serum anti-HBs titer at a desired level. High doses and long-term HBIg were used in many patients due to risk of late recurrence, with one out of twenty-seven patients developing reappearance of HBsAg at 1.5 years after LT. Though this is a single-center study, including a small population, larger studies have also shown favorable outcomes with the use of HBIg. However, HBV DNA detectability is a major risk factor for recurrence, but this information was only available for seven out of the twenty-seven patients in this study.

Samuel *et al.*[@b22] conducted a multicenter study including 372 patients. They reported a recurrence of HBV infection in about 75% of the patients who received no or only short-term (2 months post-LT) HBIg. With the use of long-term (6 months or more) HBIg, they showed a 3-year actuarial risk of recurrence of about 56%, compared with about 78% for patients receiving no immunoprophylaxis. Though this is a retrospective analysis, it includes a large patient population from 17 European centers.

The mechanism of recurrence may include saturation of HBIg by high viral count or mutations in the HBsAg due to emergence of antibody-induced escape HBV mutants resulting in inadequate treatment.[@b23]^--^[@b26] Mutations mostly occur at codon 145 of HBsAg, leading to a glycine-to-arginine substitution, which has been seen in post-LT patients receiving HBIg and HBV vaccine recipients.[@b25]^,^[@b27]

In patients with renal failure, the risk of worsening of the kidney function appeared to be a major concern with ADV and tenofovir disoproxil fumarate (TDF). Additionally, HBIg was administered intravenously, which can be quite inconvenient for long-term treatment. The safety and efficacy of subcutaneous HBIg monotherapy was investigated in a prospective study, showing 100% success rate (no HBV recurrence) after a mean follow-up period of 36±5 months, without worsening of kidney function; this suggested that HBIg monotherapy was not only highly effective in preventing recurrence but also not associated with deleterious renal effects, which is a risk with the use of certain NAs.[@b28] Target antibody levels for patients at high risk of recurrence (such as those positive for HBV DNA pre-LT) was ≥200 IU/L, and those at lower risk was ≥150 IU/L. However, it is important to note that this study included only 43 patients, all Caucasian in origin, all HBsAg- and HBV DNA-negative at inclusion. Most of these patients received a combination of HBIg (intravenous) and NA initially after LT, which was switched to HBIg IV monotherapy after 1 year, followed by a switch to subcutaneous HBIg. Randomized controlled trials, with larger patient populations, are required to support the findings in this study. Moreover, it is important to note that renal failure has now become less of a concern with the advent of tenofovir alafenamide (TAF).

Though the use of HBIg has been reported to prevent recurrence by neutralizing HBsAg, its failure may be attributed to its inability to inhibit viral replication,[@b29] which argues against the use of HBIg alone. Antibody-induced escape HBV mutants can arise, resulting in failure of HBIg treatment. The high cost of HBIg is also a major concern, especially with long-term, high dosage use. Additionally, it has been reported to cause mercury toxicity,[@b23]^,^[@b30] due to thimerosal in the HBIg treatment, when long-term and high-dose HBIg is used. HBIg is administered parenterally and is associated with severe back pain, anaphylactic reactions, tremors and hypotension. Given these concerns and the fact that there was still a risk of HBV recurrence, albeit significantly lower than without any prophylaxis, alternative management strategies, including the use of NAs, have increased in favor.

NAs with or without HBIg {#s6}
========================

Nucleoside analogs {#s6-1}
------------------

**LAM/ADV plus HBIg:** LAM is a nucleoside analog which inhibits the reverse transcriptase of HBV, thereby inhibiting viral replication. Mutimer *et al.*[@b31] used LAM monotherapy to treat HBV prior to LT and continued it as prophylaxis against recurrence. Ten patients were included and started on LAM at least 4 weeks prior to LT. Recurrence of graft infection with LAM-resistant virus was observed in 50% of the patients. Recurrence was mainly seen in patients with high viral replication and resistant viremia even prior to LAM exposure. This study suggests LAM monoprophylaxis was inadequate and highlighted the importance of LAM resistance. The use of HBIg in combination was proposed to neutralize the LAM-resistant species. However, this was a small study, including only 10 patients.

A larger, multicenter USA-Canadian trial of LAM demonstrated that 60% of the patients remained HBsAg-negative at 12 or more weeks post-transplant with the use of LAM alone.[@b32] In this study, 47 HBsAg-positive patients were included. LAM was started pre-transplant and was continued for 5 years with the first test for recurrence or HBsAg-positive status at 12 weeks post-LT. An important finding in this study was that 80% of HBV DNA-positive patients at baseline had recurrence at the 156^th^ week of treatment, as compared with 0% of patients who were HBV DNA-negative at baseline. Though this is a large study with a long follow-up period, the long-term consequences of LAM resistance resulting in HBV recurrence and other clinical outcomes were not investigated.

Other, smaller studies on combination of HBIg with LAM showed significant reductions in the recurrence, to 3-4%[@b33]^--^[@b35] ([Table 1](#t01){ref-type="table"}). Lower doses of HBIg were used,[@b36] possibly reducing cost compared with HBIg monotherapy and prophylaxis. It is important to note that in one study with 0% recurrence, only six patients were included, all of who were HBV DNA-negative at the time of LT.[@b34] In the other two studies with higher rates of recurrence, patients with positive HBV DNA at the time of LT were included.[@b33]^,^[@b35] This raises the concern that the HBIg and LAM combination may only be safe to use in patients with low risk of HBV recurrence, limiting its use.

###### Main results of studies using nucleoside or nucleotide analogs with hepatitis B immunoglobulin

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reference                   Patients, *n*                                                                                                                 Median follow-up, months             NA                          Patients with detectable HBV DNA at LT, *n*   HBIg use                                                                                                                                                                           HBV recurrence
  --------------------------- ----------------------------------------------------------------------------------------------------------------------------- ------------------------------------ --------------------------- --------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------
  Yao, *et al.*[@b33]         10                                                                                                                            15.6                                 LAM                         2                                             45 mL (10,000 U) IV HBIg daily for 7 days, then 5 mg IM HBIg for weekly for 4 weeks, then every 3 weeks                                                                            10%

  Yoshida, *et al.*[@b34]     6                                                                                                                             44.3                                 LAM                         0                                             2170 IU IM intraop. and daily for 14 days, then twice weekly, then every 2-4 weeks. By 1 year post-LT                                                                              0%

  Marzano, *et al.*[@b35]     25                                                                                                                            31                                   LAM                         7                                             46,500 IU in first mo. Post-LT, then 5000 IU/month.                                                                                                                                4%

  Beckebaum, *et al.*[@b37]   371                                                                                                                           78[^a^](#table1fn1){ref-type="fn"}   LAM or LAM/ADV              101/239[^b^](#table1fn2){ref-type="fn"}       IV HBIgB: 238 IU daily\                                                                                                                                                            4.3%
                                                                                                                                                                                                                                                                           Sc HBIg: 71 IU daily\                                                                                                                                                              
                                                                                                                                                                                                                                                                           Other HBIg: 71 IU daily                                                                                                                                                            

  Darweesh, *et al.*[@b42]    44 (18 in ETV+HBIg group, 14 in other NA+ETV+HBIg group, 10 in other NA+HBIG group and 2 in ETV+other NA group)               ∼96                                  ETV Other NA (TDF or ADV)   38                                            2000 IU IM in anhepatic phase, then 1600 IU daily till negative HbsAg after LT and HBsAb \>500 IU/L, then 800 IU/week with subsequent decreasing HBsAb titer goal over 12 months   ETV+HBIg: 0%\
                                                                                                                                                                                                                                                                                                                                                                                                                                                              ETV+other NA+HBIg: 0%\
                                                                                                                                                                                                                                                                                                                                                                                                                                                              Other NA+HBIg: 30%

  Shen, *et al.*[@b43]        5333 total Group A: *n*=4684, received HBIg+LAM Group B: *n*=491, received HBIg+ETV Group C: *n*=158, received HBIg and ADV   ∼42.1                                LAM, ETV and ADV            Group A: 1024 Group B: 40 Group C: 17         2000 IU in anhepatic phase, followed by 800 IU daily for next 6 days, then weekly for 3 weeks, then monthly                                                                        At 5 years\
                                                                                                                                                                                                                                                                                                                                                                                                                                                              Group A: 4.7% Group B: 1.5%\
                                                                                                                                                                                                                                                                                                                                                                                                                                                              Group C: 4.4%
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Mean follow up period

239 patients out of 371 had HBV DNA serologies available.

Abbreviations: ADV, adefovir dipivoxil; ETV, entecavir; HBIg, hepatitis B immunoglobulin; HBsAb, hepatitis B antibody; HBV, hepatitis B virus; IM, intramuscular; intraop., intraoperative; IV, intravenous; LAM, lamivudine; NA, nucleos(t)ide analog; sc, subcutaneous.

Beckebaum *et al.*[@b37] recruited 371 patients in a study to evaluate the recurrence of HBV infection post-LT with long-term HBIg use. Prior to LT, 217 patients received an NA, whereas 347 received an NA post-LT. LAM was the most frequently used NA. The population of all patients who received HBIg included 299/371 who received intravenous HBIgB, 236 of which were switched to subcutaneous HBIg, and 136 patients who received another HBIg product. The total durations of treatment were 8993, 8379 and 5392 months respectively. The mean follow-up time was 6.8±3.5 years. Recurrence was noted in 4.3% of the patients (16/371), out of which 5/16 had discontinued HBIg and 7/16 had anti-HBs levels of less than 100 IU/L.

Though this study had an adequate patient population with a long follow-up period, its retrospective design is a limitation. Since it is a non-interventional study, anti-HBs levels were not routinely documented.

ADV had a better resistance profile compared to LAM.[@b38] In a systematic review, Cholongitas *et al.*[@b39] showed recurrence rates of as low as 2% in patients who received ADV and HBIg combination regimen with or without LAM, significantly lower than with LAM alone (*p*=0.024). They also demonstrated ADV prophylaxis, without HBIg, with or without use of LAM (0% recurrence), to be superior to LAM monoprophylaxis (recurrence of 25.4%). However, the patient population receiving ADV prophylaxis without HBIg was small (47 patients) and the post-LT follow-up period was short (median of 16 months). Larger studies with longer follow-up periods are required to support these findings. Nevertheless, high cost with risk for development of viral resistance and nephrotoxicity has limited the use of ADV.[@b40]

**LAM/ADV versus ETV and/or tenofovir:** According to the AASLD 2018 guidelines, ETV, TDF and TAF are preferred over LAM and ADV due to their higher potency and lower rates of drug resistance.[@b41] In a recent retrospective study including 44 patients (86% with positivity for HBV DNA at the time of LT), none of the 34 patients receiving the combination of ETV with HBIg tested positive for HBsAg in the 8 year follow-up period.[@b42] However, four out of the fourteen patients on ETV plus another NA (TDF/ LAM) with HBIg developed recurrence with positive HBsAg, which eventually converted to HBsAb towards the end of the 8 year follow-up period. There was no evidence of clinically significant hepatitis or presence of HBV DNA in these patients.

Shen *et al.*[@b43] used a national database to demonstrate better efficacy of ETV/HBIg prophylaxis compared to LAM/HBIg use with the 1-year, 3-year and 5-year recurrence rates of HBV of 0.5%, 1.5% and 1.5% with ETV/HBIg, respectively compared to 1.7%, 3.5% and 4.7% with LAM/HBIg (*p*=0.023). Before LT, patients with positive HBV DNA received one NA daily, which was then continued post-LT.

Although both the studies mentioned above were retrospective, they included adequate population size with long follow-up periods, both showing very low recurrence rates.

**LAM/ADV with HBIg withdrawal:** Studies have shown that the use of NAs has made it possible to eventually withdraw HBIg in patients who were initially started on a combination regimen ([Table 2](#t02){ref-type="table"}). Now, the American Association for the Study of Liver Diseases, the European Association for the Study of the Liver and the Asian Pacific Association for the Study of the Liver guidelines include an option of HBIg withdrawal post-LT in patients with low risk of recurrence, such as those with low or undetectable HBV DNA levels prior to transplant or without resistant HBV.[@b44]^--^[@b46]

###### Main results of studies using HBIg/NA combination therapy with eventual withdrawal of HBIg

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reference                       Patients, *n*   Median follow-up, months                                                 NAs                                                                                   HBIg protocol                                                                                                                                                                                                                                                                            HBV recurrence
  ------------------------------- --------------- ------------------------------------------------------------------------ ------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------
  Lee, *et al.* [@b5]             232             42.2                                                                     Either LAM or ETV                                                                     10,000 IU at anhepatic phase and during surgery. 2000 IU daily for a week post-LT                                                                                                                                                                                                        12.1% (18.9% in group Q and 7.3% in group S), *p* = 0.013

  Vasudevan, *et al.*[@b80]       18              60                                                                       LAM started at 48 h after LT (100 mg daily). At 12 months, HBIg substituted by TDF.   800 IU at anhepatic phase, 800 IU daily for a week post-LT, then 800 IU twice weekly for weeks 2-4 post-LT, then 800 IU monthly till 12 months post LT                                                                                                                                   11%

  Saab, *et al.*[@b47]            61              15.0 (±6.1)                                                              LAM or ETV and ADV or TDF                                                             Standard protocol[^a^](#table2fn1){ref-type="fn"} with at least 12 months of IM HBIg                                                                                                                                                                                                     3.3%

  Sabela, *et al.*[@b81]          338             72                                                                       LAM                                                                                   5000-10,000 IU on post-LT day 0, then 5000-10,000 IU/day for 1 week, then 1000 IU/week for 1 month, followed by 1000 IU at different intervals to maintain target HBsAb target                                                                                                           11%

  Manini, *et al.*[@b82]          77              69 (group A -- HBV monoinfected), 61 (group B -- HBV/HDV co-infection)   TDF or ETV                                                                            Post-1998, 5000 IU IV during anhepatic phase, then 5000 IU right after LT, then 5000 IU on alternate days during week 1 post-LT, then 5000 IU to keep HBsAb ≥500 till discharge, 1-4000 IU to keep HBsAb ≥ 250 1-6 months post-LT and 1-4000 IU to keep HBsAb ≥ 100 \>6 months post-LT   Group A: 9% Group B: 0%

  Teegan, *et al.*[@b83]          352             Retrospective analysis                                                   LAM, ETV or TDF                                                                       10,000 IU at anhepatic phase followed by different modes of prophylaxis^2^[^b^](#table2fn2){ref-type="fn"}                                                                                                                                                                               33.8% in patients positive for HBsAg at LT\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          10.0% in patients negative for HBsAg at LT

  Radhakrishnan, *et al.*[@b84]   42              Retrospective study                                                      TDF or ETV or TDF/FTC                                                                 5000 IU in anhepatic phase and daily for 5 days only                                                                                                                                                                                                                                     Cumulative recurrence at 1, 3 and 5 years was 2.9%

  Saab, *et al.*[@b49]            79              Retrospective study                                                      LAM, ETV, TDF, TAF and ADV used alone or LAM + TDF or ADV, ETV + TDF or ADV           Mean number of days from LT to HBIg withdrawal: 633 days (SD ±552)                                                                                                                                                                                                                       13.9%
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

After 1998, IV HBIg 10,000 IU during anhepatic phase, 2000 IU daily postoperative days 2-7 and 2000 to 10,000 IU on postoperative day 20 to keep HBsAb titers \>500 IU/mL, followed by 1560 IU every 2-4 weeks to keep titers \>500IU/mL at 0-6 months, \>250 IU/mL at 6-12 months and \>100 IU/mL after 12 months.

12 patients received no long-term prophylaxis, 97 received HBIg monoprophylaxis, 221 received HBIg+LAM, 22 received HBIg+ETV or TDF. Abbreviations: ADV, adefovir dipivoxil; ETV, entecavir; HBIg, hepatitis B immunoglobulin; HBsAb, hepatitis B surface antibody; HBV, hepatitis B virus; HDV, hepatitis D virus; IM, intramuscular; IV, intravenous; LAM, lamivudine; LT, liver transplant; NA, nucleos(t)ide analog; SD, standard deviation; TDF, tenofovir.

Until 2010, the standard prophylactic regimen included indefinite HBIg and LAM. In 2011, Saab *et al.*[@b47] maintained 61 patients on a combination of HBIg and LAM for 12 months post-LT and then withdrew HBIg. Three months before withdrawing HBIg, a NA (TDF or ETV) was added to the regimen. Within a mean follow-up period of around 15 months after conversion to oral antivirals only, two patients (3.3%) presented HBV recurrence, which was similar to the recurrence rate when using LAM and long-term HBIg.[@b48] In addition, this regimen was noted to be more cost effective than the standard regimen using lifelong HBIg. However, for dual nucleoside and nucleotide analog combinations renal toxicity was a major concern. In one of the two cases with the recurrence in this study, dose of oral antivirals had to be decreased due to renal injury which may have led to the recurrence. Moreover, the study population only included patients with low risk of recurrence, such as undetectable HBV DNA at the time of transplant and no viral co-infection.

**ETV/TDF/TAF with HBIg withdrawal:** Lee *et al.*[@b5] administered 10,000 IU during the anhepatic phase and during surgery followed by 2000 IU daily for a week postoperatively. Two hundred and thirty-two patients were divided into groups labeled Q and S ( those with quick decline of anti-HBs titers (\<200 IU/mL; 1-month post-operation) and those with slow decline of the titers (\>200 IU/mL 1-month post-operation) respectively. From postoperative day 1, NA (ETV or TDF) was started and continued indefinitely. Patients in the Q group received HBIg boosters to maintain HBIg titers. HBV recurrence was found to be 18.9% in group Q and 7.3% in group S. This study suggests using long-term HBIg in patients with quick decline of HBIg levels. Group Q had patients with higher MELD scores and higher HBV viral loads compared with group S, representing important confounders. However, multivariate analysis was done which did not show these variables to be significantly different.

In a single-center, retrospective study, LAM, ETV, TDF, and TAF were used alone or as two in combination to study the impact of these drugs on the renal function.[@b49] HBIg was used for a mean of 633 days (standard deviation (± 552 days) in 79 patients with the NA(s) after which HBIg was stopped and the NA(s) were continued. Patients were followed up for a mean of 1723 days (standard deviation (±1164) after HBIg withdrawal. There was no significant change in the serum creatinine or glomerular filtration rate compared before and after using TAF but there was an increase of 0.55 mg/dL of serum creatinine in patients who were never on TAF (*p*\<0.05). Up to 6% of patients on TAF experienced an increase in chronic kidney disease stage compared with 23% of the patients who received NA(s) other than TAF. However, there was no standard immunosuppression protocol used in the patient population included in this study. Immunosuppressants are known to cause renal dysfunction, which could have been a significant confounding factor regarding observed changes in renal function. This factor was not adjusted for in this study.

NA without HBIg {#s7}
===============

A prospective, multicenter study used the combination of ADV and LAM and showed prevention of HBV recurrence post-LT in all patients after a median follow-up period of 5 years, with the median time of HBsAg undetectability being 7 days. HBV recurrence in this study was specified as reappearance of both HBsAg and HBV DNA. Of the 20 patients, 13 tested positive for HBV DNA at the time of LT (1 patient was not tested). HBIg was given during the anhepatic phase and daily for only 7 days after LT, whereas LAM and ADV were continued long term. Of note is the fact that \>50% of the patients were at high risk of recurrence (i.e. having detectable HBV DNA at the time of transplant).[@b50] However, this study included a small study population without a randomized control group and the risk of viral resistance with LAM and ADV is still a concern.

Stravitz *et al.*[@b51] demonstrated successful substitution of HBIg/LAM combination with TDF/emtricitabine (FTC) combination, preventing post-LT HBsAg recurrence in 18/21 patients and HBV DNA recurrence in 20/21 patients. In the latter case, recurrence occurred in the patient who was non-compliant, and after resuming TDF/FTC, HBsAg and HBV DNA became undetectable. This allowed for cost savings of about \$12,500 per year, as compared to HBIg/LAM regimen. However, it must be noted that the 13/21 had negative HBeAg and 8/18 had undetectable HBV DNA at the time of LT, making the population included in this study largely at low risk for recurrence.

Fung *et al.*[@b52] studied the long-term outcome of ETV monotherapy post-LT in a larger cohort of 265 patients, with \>60% of patients with detectable HBV DNA at the time of LT, and demonstrated HBsAg clearance rate of 92% and HBV DNA undetectable rate of 100% at 8 years post-LT. Although this study suggests favorable outcomes with ETV monotherapy, six patients did receive an addition of tenofovir in addition or were switched to tenofovir due to concern for no or delated virologic response. In a large meta-analysis including 17 studies with a total of 7274 patients, ETV monoprophylaxis, when compared with LAM (odds ratio of 4.62), TDF (odds ratio of 1.11), ADV (odds ratio of 3.78), LAM+TDF (odds ratio of 2.00) and LAM+ADV (odds ratio of 2.83), was found to have the lowest probability of HBV recurrence, making it the most preferred oral agent for prophylaxis.[@b53] However, a major limitation in this analysis is the lack of information on reappearance of HBV DNA after treatment in the studies included in this meta-analysis. Other sources of bias include different HBIg and antiviral protocols used in the studies.

In all studies mentioned above, NAs were continued indefinitely.

Withdrawal of both HBIg and NA {#s8}
==============================

Recipients who have negativity for HBeAg and undetectable HBV DNA have been historically noted to have lower rates of recurrence compared with recipients with positivity for viral markers.[@b54]^,^[@b55] In fact, the risk of recurrence has been noted to be directly proportional to viral replication pre-LT.[@b56] A retrospective study reported on 10 post-LT patients who initially received HBIg and NA but completely stopped it after a mean time from LT to withdrawal of around 24 months due to non-adherence. They were followed for a mean of 52 months after withdrawal with monthly tests for HBV markers, including HBV DNA and liver function biomarkers. Out of 10 patients, 9 did not develop recurrence.[@b56] It is important to note, however, that these nine patients tested negative for HBeAg and undetectable HBV DNA prior to LT and are considered 'low risk' for recurrence. They also maintained low tacrolimus levels (\<3 ng/mL).

Tian *et al.*[@b57] reported a case of complete prophylaxis withdrawal in a patient at high risk of recurrence, having HBeAg positivity and detectable HBV DNA at the time of liver transplantation. This patient received initial treatment with HBIg and ETV and then was maintained on this regimen as prophylaxis for recurrence. The patient stopped taking the prophylaxis for economic reasons after 3 years following the LT and was followed up with monthly tests for viral markers (HBsAg, HBeAg, HBV DNA) for 4 years; all remained negative and HBsAb remained positive. Interestingly, this patient also maintained low levels of tacrolimus (1-2 ng/mL). However, this data was published in a case report and larger studies are required to investigate the HBV recurrence rates with complete withdrawal of treatment.

Whereas the observations in the aforementioned studies are results of patient non-adherence, Lenci *et al.*[@b58] employed a protocol with stepwise withdrawal of HBIg and NA. Thirty patients with positivity for HBsAg, negativity for HBV DNA, normal liver function and undetectable covalently closed circular DNA (cccDNA) in liver tissue, who received HBIg and NA since LT, were included. HBIg was withdrawn 6 months after the beginning of the screening phase and NA was withdrawn 6 months after withdrawal of the HBIg. Recurrence was noted in six (20%) of the patients, five of which had an early recurrence (between 2-4 months of HBIg withdrawal). Out of these five patients, three did not require treatment due to spontaneous seroconversion to HBsAb within 4 months of recurrence and HBV DNA levels remained negative throughout. However, with extended follow-up of 6 years post-withdrawal, 60% of the patients had experienced seroconversion to HBsAg but only 10% required treatment and 100% were HBV DNA negative. Though this withdrawal strategy saved about \$20,000 per patient per year, it only applies to patients with low risk of recurrence. Larger studies are required to assess the safety and efficacy of withdrawal strategies.

Role of active vaccination {#s9}
==========================

A single-center prospective study to investigate the efficacy and safety of active vaccination in patients was conducted, in which each patient was given double doses of the intramuscular vaccine at 0, 1, 2, 6 and 12 months of enrollment, with a follow up period of 6 months after completion of the vaccine protocol.[@b59] Out of 27 men included in this study, 9 were responders (33.3%). All the patients in this study were at least 1-year post-LT and were HBsAg- and HBV DNA-negative, with normal liver functions. They were all receiving HBIg and NA, and HBIg was stopped after the vaccination protocol was complete at 12 months. They were followed for 6 months after completion of the vaccination protocol and HBIg withdrawal. Throughout the follow-up period, the patients maintained their HBsAg-negative status. Although this study suggests that active immunization in patients who receive LT due to HBV-related disease is feasible and allows for HBIg withdrawal, the low vaccine response rates, mainly because of immunosuppressed states of the post-LT hosts, has limited its use in this patient population.[@b60]^,^[@b61]

Ishigami *et al.*[@b62] showed that frequent active vaccinations in post-LT patients can lead to production of escape mutants. This study included 18 HBV carriers and 7 non-HBV carriers who were recipients of grafts from HBcAb-positive donors. Of the 18 HBV carriers, 4 had detectable HBV DNA pre-LT. All patients received HBIg and NA and active vaccination was administered 1-year post-LT. Two of the HBV carriers and six of the non-HBV carriers were responders. In these patients, NAs were stopped after a successful vaccine response was obtained, and booster vaccinations were administered as needed. At a median of 12 months, two HBV carriers and two non-HBV carriers had detectable HBV DNA. Univariate analysis was done to investigate factors associated with viremia and frequent vaccination was found to be a significant risk factor. Moreover, amino acid sequencing showed several mutations, including the a-determinant in the HBV loop which plays an important role in the recognition of HBsAb proteins. Though this is a small study that only allowed for a univariate analysis, it cautions against NA withdrawal in HBV carriers and frequent vaccinations in post-LT patients. Larger prospective studies are required to establish the safety and efficacy of withdrawing HBIg and/or NAs in patients with prior HBV-related disease. Additionally, efforts should be made to improve the response rate of the vaccine.

Management of fulminant liver failure due to HBV recurrence Post-LT {#s10}
===================================================================

With the advent of newer NAs, the risk of fulminant liver failure due to recurrence of HBV after LT has been significantly reduced.

In the study by Zhang *et al.*,[@b8] all 11 patients with HBV recurrence were on LAM, out of which 5 died. Four out of these five patients developed fulminant liver failure with jaundice and deteriorating liver function. The remaining six who survived were switched from LAM to either ADV or ADV/ETV combination in the early phases of recurrence, which resulted in improvement in their graft histology, including decreases in inflammation and hepatocyte swelling.

Roche *et al.*[@b63] reported successful re-transplantation in five patients who experienced failure of LT due to HBV recurrence with the use of ganciclovir and HBIg combination. However, though this study demonstrates retransplantation as a feasible option in fulminant hepatic failure post-LT due to HBV recurrence, the antiviral regimen used in this study is only of historical value now with the advent of newer NAs, such as TDF/TAF and ETV.

Prophylaxis of *De Novo* HBV infection from HBcAb-positive donors {#s11}
=================================================================

Studies have defined *de novo* HBV infection according to positive viral markers (HBsAg and detectable HBV DNA) after transplant in recipients who were negative for these markers pre-transplant.[@b64]^,^[@b65] In the absence of prophylaxis, there was a high rate of HBV transmission from HBcAb-positive donors to HBsAg-negative recipients.[@b6] It is presumed that livers from HBcAb positive donors may contain cccDNA and pregenomic RNA in the hepatocyte nucleus which may result in *de novo* infection.[@b66] However, given the scarcity of suitable liver grafts and the significant end-stage liver disease burden, HBcAb-positive donors have been used to expand the donor pool.

A cohort study in Italy suggested that transplant using HBcAb-positive donors have comparatively favorable outcomes when the recipients were HBsAg-positive, as opposed to HBsAg-negative, with the latter resulting in suboptimal graft quality.[@b65] However, there are some important confounders that might explain this finding. The HBsAg-positive recipient group in this study had lower MELD scores, fewer recipients with concomitant HCV infection compared to the HBsAg-positive group, and the HBsAg-negative group received less rigorous prophylaxis.

On the contrary, a recent study conducted in China reported similar short-term and long-term outcomes using HBcAb-positive donors, irrespective of the HBsAg status of the recipients.[@b64] All the patients received HBIg. Patients who were treated with HBIg monotherapy had a higher rate of *de novo* infection as compared with HBIg and NA combination. Multivariable adjustment and propensity-score matching was performed to equilibrate selection bias and potential confounders between study groups (HBcAb-positive and HBcAb-negative recipients). Nevertheless, this is a retrospective study and is based in a single center, being subject to confounders and biases.

Wong *et al.*[@b67] reported *de novo* infection in 4.7% of their studied patients who received LAM monotherapy while all patients receiving ETV monotherapy remained free of infection, likely due to a high resistance barrier with the latter. Recipients in the HBcAb-positive donor group had a graft survival of ∼77% versus ∼78% in the HBcAb-negative donor group, with almost no difference in patient survival between the two groups. They also proposed active immunization as a therapeutic form of management, which may render the need for prophylaxis unnecessary. Though this is a retrospective, single-center study, it involved a large cohort with a long follow-up time (median of 7.8 years).

Active immunization appears to be a promising strategy towards preventing *de novo* hepatitis B infection after LT from HBcAb-positive donors. Ohno *et al.*[@b68] used HBIg in the peri- and post-transplant period with multiple administrations of active HBV vaccination, with a target to maintain HBsAb levels \>300 mIU/mL for 1 year and \>100 mIU/mL subsequently. When the target was achieved without HBIg, active immunization was achieved. No patient tested positive for HBsAg or HBV DNA at 112 months after achieving active immunization. However, most of the fast responders in this study were in the pediatric population and the slow responders were mainly adults.

Management of HBV infection from HBsAg-positive donors {#s12}
======================================================

Wei *et al.*[@b69] recruited 518 patients with HBV infection and divided them into two groups consisting of 259 patients each: one group received HBsAg-positive donor organ (observational) and one received HBsAg-negative donor organ (control). After LT, LAM, telbivudine, ETV and/or ADV were used for HBV treatment in both groups. The HBV recurrence rates at 1-year, 3-years and 5-years post-LT in the observational group versus the control group were 5.85% versus 1.97%, 11.63% versus 4.46% and 17.94% versus 4.46%, respectively (*p*=0.016). However, when early stage complications (within 30 days post-LT; such as pleural effusion, postoperative infection and transplant graft dysfunction), long-term complications (more than 30 days post-LT; such as postoperative infection, rejection and vascular complications), and patient survival at 1-year, 3-years and 5-years post-LT were compared between the two groups, no significant difference was found. This study suggests that HBsAg-positive donors can be used with appropriate NA use. However, this was a retrospective study, including data from 2007 to 2012, during which time at least half the patients used LAM, which limits its applicability to current time with the advent of newer NAs. Prospective studies using newer antivirals are required to evaluate the HBV recurrence rate in patients receiving transplants from HBsAg-positive donors.

Jeng *et al.*[@b70] recruited 14 patients with HBV (HBsAg positivity) who received LT from HBsAg-positive donors. All patients received ETV, to be continued indefinitely. In the follow-up period (median of 46 months), two died in the 13^th^ and 33^rd^ month respectively due to extrahepatic recurrence of HCC but both had undetectable HBV DNA levels at year 1. The rest of the patients maintained undetectable HBV DNA levels throughout the follow-up period. However, six of the fourteen recipients had undetectable HBV DNA levels prior to LT and all patients continued to have HBsAg positivity despite undetectable HBV DNA levels in the follow-up period. Larger, randomized studies with control groups are required to validate the efficacy of use of ETV in managing HBV infection in LT recipients from HBsAg-positive donors.

Emerging drug targets and future directions {#s13}
===========================================

The studies discussed above demonstrate NAs to be highly effective in preventing or managing HBV recurrence post-LT. However, their inability to inhibit cccDNA means that the replicative capacity is still present in the host nuclei. For the management of HBV, new drug targets, such as cccDNA, small interfering RNA-targeting viral transcripts, capsid assembly modulators and secretion of viral envelop proteins, are being proposed.[@b71] Some are undergoing clinical development while others are being explored and have not entered trials yet ([Table 3](#t03){ref-type="table"}). However, it is important to note that these drugs are being assessed for the treatment of HBV and have yet to be tested for prevention of HBV recurrence post-LT.

###### Future drug targets for treatment of hepatitis B infection

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Therapies in Clinical Development                                                                                                                                       
  --------------------------------------------------------------- ------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Entry inhibitors                                                Bulevirtide                                                                                             Inhibit viral entry by inhibiting NTCP, an HBV receptor[@b75]

  RNA interference/siRNA                                          ARC-520\                                                                                                Bind to complementary mRNA, resulting in its elimination[@b76]
                                                                  AB-729                                                                                                  

  Core protein inhibitors                                         AB-506\                                                                                                 Bind to hydrophobic pocket at dimer-dimer interface, resulting in allosteric conformational changes in core protein with inability of nascent capsids to encapsidate viral RNA[@b77]
                                                                  RO7049389                                                                                               

  TLR agonists                                                    GS-9620 (TLR 7 agonist)\                                                                                Trigger TLRs that result in production of antiviral cytokines (interferon-α and -γ) and activation of natural killer and T cells[@b78]^,^[@b79]
                                                                  GS-9688 (TLR 8 agonist)                                                                                 

  **Future drug targets (not enrolled in clinical trials yet)**                                                                                                           

  PAPD5/7 inhibitors                                              Inhibit catalytic domains of PAPD5 and PAPD7 enzymes that result in destabilization of HBV mRNA[@b72]   

  Direct cccDNA targeting                                         Use of zinc finger nucleases can directly edit DNA[@b73]^,^[@b74]                                       
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: cccDNA, covalently closed circular DNA; HBV, hepatitis B virus; siRNA, small interfering ribonucleic acid; TLR, Toll-like receptor.

Other drug targets are currently being explored that have not entered clinical trials yet. Mueller *et al.*[@b72] found an RNA polymerase associated domain containing two proteins, PAPD5 and PAPD7 which are required for cellular RNA homeostasis. When RG7834, a potent HBV inhibitor belonging to the dihydroquinolizinone class, was made to interact with the two enzymes PAPD5 and PAPD7, destabilization and degradation of viral mRNA was seen. Technologies, such as CRISPR-Cas9 are now emerging that can directly edit DNA and can target cccDNA directly.[@b73]^,^[@b74] However, since these are non-clinical studies, it is unclear how potential drugs that directly target cccDNA would have access to all infected cells. It is also unclear if these potential drugs may have capacity to cause mutations in the host DNA, which can possibly result in carcinogenesis.

Clinical trials are required to study the efficacy and safety of using these drugs for HBV management, including in patients who received LT.

Conclusions {#s14}
===========

The mainstay of management of hepatitis B infection with prevention of its recurrence post-LT has been a combination of HBIg and NAs with high potency, such as TDF/TAF and ETV. However, other alternatives, such as combination therapy with HBIg withdrawal, HBIg monotherapy and NA monotherapy, have also been used with success. LT with anti-HBcAb-positive donors is now possible with the use of HBIg and NAs.

We suggest an individualized approach which takes patient risk factors, medication factors, cost and convenience into account ([Fig. 3](#f03){ref-type="fig"}). For patients with high risk of recurrence, such as those with detectable HBV DNA levels at time of LT or known infection with resistant viral species pre-LT should receive HBIg for 6 months with a combination of NAs such as ETV and TDF/TAF. NAs may need to be continued indefinitely, especially if the patient has human immunodeficiency virus or hepatitis D virus co-infections. For patients at low risk of recurrence, such as those with undetectable HBV DNA levels at the time of LT, HBIg-free prophylaxis with NA monotherapy can be used. If ETV monotherapy fails, it can be switched to TDF monotherapy.

![An algorithm for suggested approach towards prevention and management of HBV recurrence in post-liver transplant patients.\
Serial blood tests include those for hepatitis s antigen (HBsAg) and HBV DNA. + refers to positive test result or detectable markers. -- refers to negative test result or undetectable markers.\
Abbreviations: DNA, deoxyribonucleic acid; ETV, entecavir; HBIG, hepatitis B immune globulin; HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus; NA, nucleoside analog; TAF, tenofovir alafenamide; TDF, tenofovir disoproxil fumarate.](JCTH-8-150-g003){#f03}

Further studies with larger patient populations are required to allow for better individualization of prophylactic protocols, which will allow for safe and cost-effective management of post-LT patients. Additionally, as noted in many studies mentioned in this review, many patients with HBsAg reappearance did not have detectable HBV DNA or deranged liver function or aminotransferases. This raises the question of the clinical significance of HBsAg positivity as a definition of HBV recurrence, raising the possible need to redefine HBV recurrence post-LT.
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ADV

:   adefovir dipivoxil

cccDNA

:   covalently closed circular DNA

ETV

:   entecavir

FTC

:   emtricitabine

HBcAb

:   hepatitis B core antibody

HBcAg

:   hepatitis B core antigen

HBeAg

:   hepatitis B e antigen

HBIg

:   hepatitis B immunoglobulin

HBsAb

:   hepatitis B surface antibody

HBsAg

:   hepatitis B surface antigen

HBV

:   hepatitis B virus

HCC

:   hepatocellular carcinoma

LAM

:   lamivudine

LT

:   liver transplant

NA

:   nucleos(t)ide analog

SVR

:   sustained virologic response

TAF

:   tenofovir alafenamide

TDF

:   tenofovir disoproxil fumarate
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